In any physiological media, carbon nanomaterials (CNM) strongly interact with biomolecules leading to the formation of biocorona, which subsequently dictates the physiological response and the fate of CNMs. Defects in CNMs play an important role not only in materials properties but also in the determination of how materials interact at the nano-bio interface. In this article, we probed the influence of defect-induced hydrophilicity on the biocorona formation using micro-Raman, photoluminescence, infrared spectroscopy, electrochemistry, and molecular dynamics simulations. Our results show that the interaction of proteins (albumin and fibrinogen) with CNMs is strongly influenced by charge-transfer between them, inducing protein unfolding which enhances conformational entropy and higher protein adsorption.
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Introduction
The increased use of engineered nanomaterials (ENMs) in biomedicine has raised natural concerns regarding their adverse immune response. 1, 2 Blood is the first physiological environment that ENMs encounter upon intravenous injection for use as a drug delivery vector or a biomedical imaging contrast agent. Previously, it was shown that many different proteins and lipids compete between themselves for adsorbing on to the surface of ENMs to form a bio "corona". [3] [4] [5] Interactions between ENMs and the adsorbed proteins in the bio-corona may alter the structural arrangement of proteins leading to changes in their secondary structure through protein unfolding. [3] [4] [5] [6] [7] [8] [9] The formation of biocorona and ensuing protein structural changes play an important role in complement initiation (through C3b protein) and adverse reactions of ENMs. 10, 11 A detailed understanding of the ENM-biomolecular interactions is therefore necessary to completely understand ENM toxicity and immune response. [12] [13] [14] [15] Among the wide variety of nanostructures, carbon nanomaterials (CNMs) represent an intriguing set of ENMs from biological and toxicity standpoints because CNMs: i) possess excellent affinity for proteins through hydrophobic and aromatic π−π stacking interactions, 16, 17 and ii) exhibit unique molecular charge-transfer among themselves and with other molecules including proteins. [18] [19] [20] For instance, C 60 is known to display charge-transfer interactions with electron donor molecules including organic amines, 20 while graphene and single-walled carbon nanotubes (SWNTs) can act as either electron donors or acceptors with proteins such as streptavidin. 19 Indeed, charge transfer interactions between proteins and CNMs have previously been implicated in destabilizing adsorbed proteins/enzymes, which could in turn elicit adverse physiological response. 9, 21 While the root cause of ENM (particularly CNM) toxicity is still a subject of ongoing research, numerous studies have identified the presence of bioactive defects in ENMs (including Au, Ag, TiO 2 , SiO 2 , and CNMs) as the common denominator in their physiological response. 1, [12] [13] [14] [15] In case of CNMS, it has been hypothesized that the presence of neutral and charged defects could elicit an adverse physiological response possibly by generating highly reactive oxygen species and inducing structural changes in proteins through charge transfer reactions. 1, 9, 18 Despite this obvious importance of defects and charge transfer in CNM toxicity, the influence of structural and functional defects in CNMs on biomolecular adsorption and immune response remains poorly understood. 21 Although the formation of protein corona on CNMs has been extensively studied in recent years, the underlying physical and chemical processes in protein and defected CNM interactions (e.g., charge transfer between proteins and defects)
have not yet been completely understood. To elucidate the role of defects and their associated charge transfer in biological interactions of CNMs, it is imperative to synthesize CNMs with different defect content and study their effects on protein corona.
In this article, we investigated the interaction of bovine serum albumin (BSA) and fibrinogen with defected CNMs such as multi-walled carbon nanotubes (MWNTs), graphene, and graphene oxide nanoribbons (GNRs and GONRs) using microRaman spectroscopy, photoluminescence (PL), infrared absorption, electrochemistry and molecular dynamics (MD) simulations. The defects in the CNMs used in this study include edges (e.g., edges coming from finiteness of GNRs), functional groups (e.g., hydroxyl and carboxyl groups on GONRs), and other topological defects (e.g., vacancies and Stone-Wales defects in MWNTs). While MWNTs are seamless cylinders with some topological defects and only a few available edges, GNRs and GONRs provide more edges with different functional groups and are well suited for investigating the influence of defects on protein adsorption. Furthermore, the lack of functional group-type defects on MWNTs makes them more hydrophobic than GNRs (weakly hydrophilic) and GONRs (strongly hydrophilic), allowing us to understand the interplay between shape and defect-induced hydrophilicity of CNMs on their biomolecular interactions. We have identified fibrinogen (tubular structure with high-internal stability) and albumin (globular with relatively low internal stability) as the model proteins of interest due to their contrasting properties and binding affinities. We observed: (i) that BSA exhibited similar adsorption on all the CNMs, whereas fibrinogen showed better binding to GNRs and GONRs, (ii) the charge transfer for the case of BSA (/fibrinogen) adsorbed on MWNTs (/GONR) to be the highest, and (iii) an enhanced relaxation of α-helices in proteins with highest charge transfer/adsorption (viz., MWNTs in case of BSA and GONRs for fibrinogen) suggesting that the charge transfer reactions between proteins and CNMs may be critical to control ENM-biomolecular interactions.
Experimental Methods and Materials

2-1 Sample Preparation
In this study, M-grade MWNTs (diameter: 50 nm and length >5 µm) were obtained from NanoTechLabs, Yadkinville, NC. The unzipping and refluxing methods were used to prepare GNRs and GONRs from MWNTs. In the unzipping process, 500 mg of MWNTs were mixed with 100 mL of concentrated H 2 SO 4 (Sigma Aldrich, 95-98% purity) and bath-sonicated for 3 hours (Aquasonic P250HT). Subsequently, 2 g of KMnO 4 (Sigma Aldrich, >98% purity) was added and stirred for 3 hours at 70 °C. Thereafter 3 mL of 30% H 2 O 2 (VWR international, 30% w/w) was added to finish the reaction. The unzipped GNRs were collected by centrifugation (Heraeus Instruments, Labofuge 400, at 2900 rpm for 15 min). The pellet was resuspended 3 times in de-ionized (DI) water and re-centrifuged to remove the residual acid and inorganic salts. All pellets were air dried overnight to remove any remaining impurities. The obtained GNRs were further refluxed with 100 mL 30% H 2 O 2 and stirred for 2 hours at 70 °C. After the completion of reflux, 200 mL of concentrated H 2 SO 4 (VWR international, 95-98%) was slowly added and the mixture was left to stir for another 1 hour at 70 °C. The resulting suspension was diluted and filtered through 0.45 µm polyamide filter, dried, and resuspended in pure DI water. This procedure was repeated at least 3 times to wash away residual chemicals and obtain GONRs. For the protein binding, BSA (Spectrum Chemical Mfg. Corp, CA) and fibrinogen (Alfa Aesar) were incubated at 37 °C for 12 hours with CNMs. We used physiologically relevant concentrations of BSA 5-60 g/L and fibrinogen 0.5-6 g/L. All dilutions for BSA (/fibrinogen) were done in DI water (/0.9 % NaCl). After incubation, suspensions were centrifuged for 15 min at 13,000 rpm (eppendorf minispin) and the obtained pellets were resuspended in DI water. The procedure was repeated at least 3 times to remove any unabsorbed protein.
Transmission electron microscopy (TEM; Hitachi 7600) was performed to investigate changes in CNM structure upon chemical treatment. For TEM, the samples were dispersed in water for 10 mins using 1/8" tip sonicator and the sample was drop casted on a holey carbon (400 mesh; Ted Pella) and was dried overnight. Contact angle measurements were performed on freestanding CNM buckypapers using a custom-built setup equipped with Celestron's 44302 digital USB microscope. We prepared freestanding buckypapers for all different types of CNMs by vacuum filtering CNM suspensions in water (1 mg/ml, sonicated using 1/8" tip sonicator for 30 minutes) through a 0.45 mm nylon filter paper. Subsequent to filtration, the CNM materials were peeled off from the filter paper by heat treating the samples at 60 o C overnight. All the Raman spectra were obtained on dry powders using a 514.5 nm Ar + excitation coupled to a Renishaw InVia micro-Raman spectrometer.
PL spectra was measured at 280 nm excitation wavelength and 300-450 nm emission range with 5 nm slit width using a Horiba iHR 550 spectrometer equipped with a TRIAX 550 liquid N 2 cooled CCD. For the PL measurements, 3 ml of CNM-protein suspension was used in a 10 mm wide quartz cuvette. Fourier Transform Infrared (FTIR) spectroscopy was performed on a Thermo Scientific Nicolet 6700 ATR-FTIR and Bruker IFS 66v/S. For FTIR measurements, the samples were drop casted onto a monolithic diamond crystal and the signal from DI water was used as the background.
Cyclic voltammetry was carried out to measure the charge transfer properties between the MWNTs and proteins solutions. The experiments were performed with a Reference 3000 Potentiostats electrochemical measurement system (Gamry Instruments, Inc.). A platinum mesh was used as the counter electrode and Ag/AgCl as the reference electrode. The electrolyte solution consisted 40 g/L of BSA or 4 g/L of fibrinogen. All the data was obtained at a low scan rate (5 mV/s) to avoid any diffusion limitations.
2-3 Molecular Dynamics Simulation
We performed large-scale MD simulations of BSA (4F5S.pdb) 22 in explicit water in the presence of two different CNMs -GNR and GONR. The surface area of both the CNMs was kept the same in the simulations. GONR was generated using the methodology described in DeFever et al 23 and was 30% oxidized. The Amberff99SB-ILDN force field was used to describe the protein and GNR. 24 TIP3P model was used for water. 25 GONR was described using the OPLS force field 24 because this eliminates the necessity of determining the partial charges on the GONR atoms using ab initio calculations.
The simulation systems comprised of the CNM, 9220 protein atoms and approximately 70,000 water molecules. Ions were added to neutralize the system. To enhance the sampling of protein adsorption in the MD simulations we performed 10 simulations for each system. In these 10 simulations, we used 10 different protein orientations in the starting configurations. This enabled us to sample different regions of the protein that could adsorb to the CNMs. We note that this does not capture all the regions of the protein that could adsorb to the CNMs and also does not specify the affinity of various regions to the CNMs -neither of which are the goals of these simulations. The protein was placed at a distance such that no two heavy atoms of the protein and CNM were closer than 8 Å in the starting configurations of the simulation. Each simulation was run for 100 ns, resulting in effectively 1 µs (10 orientations x 100 ns) simulation per CNM-BSA-water system.
The long-range electrostatic interactions were calculated using PME as implemented in GROMACS v5.0.2. 26 The velocity-rescaling thermostat 27 and Berendsen barostat 28 were used to maintain the temperature at 300 K and pressure at 1 bar, respectively. The bonds involving hydrogen atoms were constrained using LINCS algorithm. 29 The time step used was 2 fs. The simulations were performed on 20 CPUs + 2 K20 GPUs and each 100 ns long simulation took ~6 days to complete. Configurations were stored every 20 ps for further analysis.
Results and Discussions
3-1 Electron Microscopy and Raman Spectroscopy:
As shown in Figs. 1 a-c , we synthesized GNRs and GONRs by unzipping and subsequently oxidizing pristine MWNTs. FTIR measurements (see supplementary information Fig. S1 ) revealed the absence of functional group-type defects on MWNTs, while showed the presence of hydroxyl groups on GNRs, which possibly formed on the edges of unzipped MWNTs during chemical reflux and the unzipping process. In contrast to MWNTs and GNRs, GONRs exhibited more functional groups such as epoxide, hydroxyl, and carboxyl functionalities (see Fig. S1 ). The presence of polar functional groups on GNRs and GONRs indicate that they are more hydrophilic than MWNTs and could be ranked as MWNTs > GNRs > GONRs in terms of hydrophobicity. Concurrent with the observations from FTIR, our contact angle measurements confirmed the non-wettable nature of MWNTs and GNRs (Fig. S2) . As expected from the presence of polar groups on GONRs, water was found to wet GONRs confirming the hydrophilic nature.
The Raman spectra of all CNMs used in this study (Fig. 2) showed the graphitic band (or G-band), arising from longitudinal and transverse optical phonons ~1585 cm -1 , along with the so-called disorder or D-band at 1350 cm -1 . The integrated intensity of the D-band to that of the G-band (I D /I G ratio) is often used as a measure of average defectdefect spacing in CNMs. 30 Clearly, as seen from Fig.  2 , the I D /I G ratio is higher for GONR and GNRs than the pristine MWNTs, which could be attributed to the harsh chemical reactions in the unzipping and oxidation processes. While GNRs are unzipped through only one-time exposure to sulphuric acid and KMnO 4 , GONRs undergo a two-step chemical process (i.e., unzipping and subsequent oxidation) leading to an increased D-band intensity in their Raman spectrum. Furthermore, the overtone of Dband (called 2D-band ~2700 cm -1 ) was found to significantly decrease in intensity (at least by 10 times, as shown in Fig. 2 inset) in GONRs due to oxidation. The full-width at half-maximum of G-band in GNRs (~28 cm -1 ) and GONRs (~40 cm -1 ) also increased significantly relative to pristine MWNTs (~20 cm -1 ) indicating a decrease in phonon lifetime due to the presence of different type of defects (particularly, edges and functional grouptype defects in GNRs and GONRs). Additionally, a defect-induced Raman feature ~1620 cm -1 , often activated at high defect concentrations, is clearly observed for both GNRs and GONRs. Juxtaposing Raman, FTIR, and contact angle measurements, it could be concluded that MWNTs are less-defective (I D /I G ~0.35) and more hydrophobic (no presence of functional groups), while GNRs (/GONRs) are slightly (/highly) defective (I D /I G ~0.83 for GNRs and 0.94 for GONRs) and weakly (/strongly) hydrophilic due to the presence of polar functional groups.
3-2 Adsorption isotherms:
The protein adsorption on different CNMs was characterized using adsorption isotherms obtained through photoluminescence studies. Previously, we showed that the intrinsic emission of proteins (~345 nm upon 280 nm excitation) from aromatic amino acids such as tryptophan, tyrosine and phenylalanine could be used to quantify the unknown concentration of a protein through the use of a standard curve. 9 We obtained a standard calibration curves for BSA and fibrinogen (see Fig.  S3 ) by measuring their intrinsic photoluminescence at various concentrations in an aqueous medium. Subsequently, the adsorption isotherms for BSA and fibrinogen on CNMs were obtained by measuring the PL signal from adsorbed proteins and acquiring the protein concentration from the standard curves in Fig. S3 . Although the shape of experimental isotherms for protein adsorption often appears strikingly similar to the Langmuir isotherm, the use of the Langmuir isotherm is inappropriate in our case because of its assumptions such as: i) the equivalence of all adsorption sites, ii) one-to-one binding between each adsorption site and the adsorbed molecules, iii) the absence of interaction between adsorbed solutes, and iv) the dynamic reversibility of the adsorption process. 31 In reality, adsorbed proteins tend to rapidly undergo surface-induced unfolding and reorientation to increase their contact area to irreversibly stick to the material surface.
As shown in Fig. 3 , the adsorption of BSA and fibrinogen on CNMs was observed to follow a Freundlich isotherm. Unlike Langmuir model, the Freundlich isotherm is more appropriate to describe the adsorption processes, as it does not assume uniformity, one-to-one binding, and the absence of protein-protein interactions. The Freundlich adsorption isotherm is mathematically expressed as:
where α is the amount of adsorbed protein, C is the initial concentration of adsorbed protein; 1/n and K are constants that indicate the intensity and capacity of adsorption, respectively. We obtained the 1/n and K values (see Table 1 ) for BSA and fibrinogen adsorption on various CNMs by fitting the data in Fig. 3 .
We observed that 1/n and K values are similar for the adsorption of BSA on all CNMs (Table 1 ). In the case of MWNTs (hydrophobic) and GNRs (which are only weakly hydrophilic), a "shell" of interacting water molecules plausibly forms around the hydrophobic surface decreasing the entropy. The disruption of this shell upon protein adsorption is more energetically favourable because the release of otherwise constrained water molecules leads to an increase in the entropy. Additionally, the energy of BSA-MWNT/GNR system could be reduced by the relaxation of protein secondary structures to increase the protein entropy. Thus, the adsorption of BSA on to MWNTs and GNRs could be expected to increase with increasing protein concentration (Fig. 3) . The low 1/n values (cf. Table 1) for GONRs showed that GONR exhibited relatively weaker interaction with BSA. Surprisingly, the difference in 1/n values for the adsorption of BSA on GONRs was only slightly different from MWNTs and GNRs despite their hydrophilicity. The hydrophilic nature of GONRs does not constrain water molecules, unlike MWNTs and GNRs, and thus the adsorption of BSA on GONRs is not accompanied by significant entropy increase from the release of water molecules. Nevertheless, a comparable 1/n value for the adsorption of BSA on GONRs could be attributed to the formation of energetically favorable hydrogen bonds between BSA and functional group-type defects on GONRs (particularly, hydroxyl and carboxyl groups shown in Fig. S1 ).
3-3 Molecular Dynamics Simulations:
To further understand these unexpected CNM-BSA interactions, we performed large-scale molecular dynamics (MD) simulations of BSA-GNR/GONRwater systems. As shown in Figs. 4a and b, we observed a decrease in the BSA-GNR/GONR interaction energy indicating that BSA associates with GNRs and GONRs consistent with our experiments. Furthermore, the adsorption process was found to occur in steps (as seen in the series of plateaus and steep drops in Figs. 4a and b) primarily because BSA undergoes conformational changes after initial contact (in accordance with our experimental observations, discussed later in Fig. 5 ) leading to some protein regions collapsing on to the CNM surface rather than gradually spreading from the initial region of contact. 32 In the case of GNRs, most simulations resulted in interaction energies < -380 kJ/mol within 100 ns of the simulation unlike BSA-GONR-water simulations. This suggests that BSA displays more affinity to GNR compared to GONR, consistent with the experimental findings that BSA prefers more hydrophobic surfaces (as seen by higher 1/n values for adsorption of BSA on GNR compared to GONR in Table 1 ). We observed that water molecules are released from the hydration shells of BSA, GNR and GONR as BSA adsorbs to the CNMs (Figs. 4c and d) . The total number of water molecules in the hydration shell of the protein and GNR is lower (i.e., the number of released water molecules is higer) than that in the case of the BSA-GONR system. As discussed before (cf. Fig. 3) , such a result is expected because relatively more water molecules interact with GONR due to its hydrophilicity. Nonetheless, in both cases of GNRs and GONRs, BSA adsorbs well on to the CNM due to favourable interaction energy and a decrease in the total number of water molecules in the hydration shell of the BSA-CNM complex.
Returning to Fig. 3 , in case of fibrinogen, 1/n and K values for MWNTs were found to be lower when compared to GNRs and GONRs. It may be rationalized that fibrinogen, which is a hard protein due to its excellent internal stability, has a lower tendency than BSA (a soft protein) to relax its secondary structure for adsorbing on to a tubular structure as in the case of MWNTs. GNRs and GONRs, unlike MWNTs, provide a flat-sheet like structure (cf. Fig. 1 ) which is more energetically favourable for the adsorption of fibrinogen even without unfolding. Furthermore, similar to the case of BSA, it could be expected that the functional groups on GONRs facilitate hydrogen bonds with fibrinogen.
3-4 FTIR studies on secondary structure changes:
In the formation of the protein corona, the protein molecules initially adsorb on to the CNMs while largely retaining their native-state structure. Subsequently, the adsorbed protein can begin to relax its secondary structure, unfold, and spread out on the CNM surface and transition from an end-on to a side-on orientation. 33, 34 The degree of protein unfolding on a surface is influenced by the strength of the protein-surface interactions relative to the internal stability of the protein. [35] [36] [37] Accordingly, to elucidate the adsorption-induced structural changes in proteins, we obtained the FTIR spectra of adsorbed proteins as shown in Fig.  5 . It should be noted that CNMs exhibit strong absorption <240 nm due to their π-electron system precluding the use of traditional tools such as circular dichroism for the evaluation of protein secondary structure. As evident from Figs. 5a and b, the α-helical content in BSA leads to strong adsorption ~1640-1660 cm -1 (shown in dashed lines) while the lower frequency component at ~1620-1640 cm -1 and the peak ~1555 cm -1 arise from β-sheets. 36, 37 Clearly, the rich secondary structure of BSA (particularly, the peak relating to α-helical content) significantly disappears upon its adsorption on to all CNMs, as expected from its low internal stability. Indeed, the changes in secondary structure are higher in the case of MWNTs (i.e., complete disappearance of secondary structure) suggesting that BSA unfolds much more, relative to GNRs and GONRs, in order to adhere to the tubular MWNTs. GNR and GONR retain BSA secondary structure to certain extent, as shown by the presence of ~1555 cm -1 for β-sheets. In the case of fibrinogen, the secondary structural changes are found to be higher for GONRs compared to MWNTs and GNRs plausibly due to the formation of hydrogen bonds. The α-helix peak was found to partially disappear for fibrinogen adsorbed on MWNTs and GNRs. Lastly, the structural changes for fibrinogen on GNRs seemed to be less pronounced than MWNTs possibly due to its shape. It could be rationalized that fibrinogen must unfold more to adhere to MWNTs due to their higher curvature than GNRs.
3-5 Cyclic Voltammetry:
The chemisorption of proteins on bulk material surfaces has been known to occur through charge transfer processes. 34, [38] [39] [40] It may be expected that a surface facilitating higher charge transfer at the nanoscale may lead to stronger surface-protein interactions and a subsequent increase in protein adsorption. To validate such a hypothesis, we performed cyclic voltammetry (CV) measurements with CNMs as a working electrode in protein electrolyte solution (Fig. 6) . In CV characterization, the application of gate voltage on the working electrode modulates its electronic energy levels, which when above (/below) the LUMO (/HOMO) levels of the protein can result in a charge transfer. Although the proximity of electronic levels make charge transfer between protein in electrolyte solution and the working electrode (i.e., CNMs) thermodynamically favourable, the probability of charge transfer depends upon density of electronic states at the Fermi level (DOS(E F )) in the working electrode (CNMs in this case). In defect-free CNMs (e.g., perfect sheet of graphene with no defects), the DOS(E F ) is very low (almost zero for graphene) and therefore charge transfer is often not observable in the experiments. 9, 41 However, in our case, the presence of defects (introduced through unzipping in GNRs and oxidation in GONRs) induces new electronic states in CNMs which could increase the DOS(E F ), and thereby lead to strong interactions between the protein and CNMs through charge transfer. In a typical CV plot, a peak in current (in a current vs. voltage plot such as the one shown in Fig. 6 ) indicates the presence of charge transfer between the electrolyte (i.e., protein solution in our case) and the working electrode (i.e., CNMs). Interestingly, the amount of charge transfer (Fig. 6) does not concomitantly increase with increasing I D /I G (cf. Fig. 2 ). Such an observation may be rationalized by the fact that the electronic structure (i.e., both energy levels and DOS(E F )), which is dependent on shape, size, and defect density of CNMs, is different for MWNTs, GNRs, and GONRs. Nonetheless, in the case of BSA (/fibrinogen), the charge transfer was found to be the highest for MWNTs (/GONRs), which exhibited highest secondary structural changes (cf. Fig. 5 ) for BSA (/fibrinogen) suggesting that charge-transfer may induce protein unfolding or vice versa.
When taken together, photoluminescence, Raman, infrared, and electrochemistry measurements suggest that: i) the defect-induced hydrophilicity can alter the formation of protein corona in CNMs, and ii) the net charge transfer between protein and CNM and the change in secondary structures may be correlated, indicating that protein corona formation is accompanied by both charge-transfer and protein unfolding.
Conclusions
In summary, we investigated the binding of bovine serum albumin (BSA) and fibrinogen with different carbon nanomaterials. Raman spectroscopy measurements showed a higher amount of defects in graphene and graphene oxide nanoribbons (GNRs and GONRs) compared to pristine multiwalled nanotubes (MWNTs). The binding experiments showed that the BSA adsorbs equally on all MWNTs, GNRs, and GONRs while fibrinogen showed a significantly lower adsorption on MWNTs. The lower adsorption of fibrinogen on MWNTs was attributed to its hardness relative to BSA. Furthermore, it is observed that the net conformational changes (gleaned from infrared spectroscopy) in protein structure were highest for the cases of highest charge transfer (observed in cyclic voltammetry) between protein and CNMs. Our results show that the formation of protein corona is sensitive to the defects on CNMs and is accompanied by both charge-transfer and protein unfolding. 
